Introduction
============

Salidroside (SAL) is a phenylpropanoid glycoside extracted from *Rhodiola rosea* L., which is used in traditional Tibetan medicine and exhibits a wide range of pharmacological effects including anti-oxidative, anti-apoptotic, anti-inflammatory, anti-depressive, anti-aging and anti-fatigue effects ([@b1-etm-0-0-5446]--[@b4-etm-0-0-5446]). It has been demonstrated that SAL is neuroprotective against ischemic cerebral injury, a leading cause of disability and mortality worldwide and is therefore considered to be a major public health problem ([@b5-etm-0-0-5446]). It has been demonstrated that SAL reduces the infarct volume and improves neurological deficit scores in a rat model of transient focal cerebral ischemia and reperfusion ([@b6-etm-0-0-5446]). In addition, SAL improves learning and spatial memory during hypoxia treatment, indicating that SAL has a neuroprotective effect during hypoxia ([@b7-etm-0-0-5446]). Another study determined that SAL prevents the cerebral ischemic injury caused by cerebral artery occlusion and reperfusion *in vivo*, and neurotoxicity induced by hydrogen peroxide *in vitro* ([@b8-etm-0-0-5446]). Pretreatment with SAL also reduces the cellular damage that occurs following global cerebral ischemia/reperfusion (I/R) injury in rats ([@b9-etm-0-0-5446]). Although the protective effects of SAL on cerebral I/R injury have been identified, its underlying neuroprotective mechanisms remain unclear. Therefore, the present study used hypoxia/reperfusion (H/R)induced human brain vascular smooth muscle cells (HBVSMCs) as an *in vitro* cell model of cerebral I/R injury ([@b10-etm-0-0-5446]) to investigate the mechanisms underlying SAL-mediated neuroprotective activity.

Sirtuin 1 (SIRT1) is an oxidized nicotinamide adenine dinucleotide-dependent deacylase and is expressed in various tissues of the body including the heart, liver, muscle, kidney, endothelium and adipose, and its expression is particularly high in the brain ([@b11-etm-0-0-5446]). SIRT1 serves an essential role in a number of different processes including inflammation, cellular senescence, apoptosis, aging and stress resistance in the central nervous system (CNS). SIRT1 also serves a neuroprotective role in diseases of the CNS ([@b12-etm-0-0-5446]). SIRT1 has been specifically identified as a mediator of cerebral ischemia injury and may therefore be exploited as a potential target for treatments of this disease ([@b13-etm-0-0-5446]). A number of studies have demonstrated that SIRT1 undergoes profound changes in expression and activity, which is associated with the changes in mitochondrial function that occur following hypoxic-ischemia and reoxygenation injury ([@b14-etm-0-0-5446],[@b15-etm-0-0-5446]). Previous studies have demonstrated that the SIRT1-mediated deacetylation and phosphorylation of downstream targets including forkhead box protein O3α (FOXO3α), which is a ubiquitously expressed mammalian forkhead transcription factor and highly expressed in the adult brain, promotes cell survival, mitochondrial function, apoptosis and inflammation in response to severe stress ([@b16-etm-0-0-5446],[@b17-etm-0-0-5446]). A number of studies have indicated that FOXO3α serves important roles in neuronal survival in normal and disease conditions and the regulation of FOXO3α mediated by SIRT1 contributes to neuroprotection *in vitro* and *in vivo* ([@b18-etm-0-0-5446]--[@b20-etm-0-0-5446]). Further studies have determined that SIRT1-activated multiple signaling pathways, such as FOXO3α, mediate a variety of neuroprotective agents including leptin, two tetrahydroxystilbene and icariin and may attenuate ischemic injury following stroke ([@b21-etm-0-0-5446]) and cerebral ischemia ([@b22-etm-0-0-5446],[@b23-etm-0-0-5446]). However, it remains unknown whether SIRT1-mediated signaling pathways serve a similar role in the neuroprotection exhibited by SAL against cerebral ischemia injury.

The present study therefore investigated whether SAL attenuates H/R injury, resulting in a neuroprotective effect, via regulation of the SIRT1/FOXO3α pathway. To the best of our knowledge, the current study is the first to investigate whether the SIRT1/FOXO3α signaling pathway contributes to the SAL-mediated prevention of H/R injury *in vitro* and may be a potential therapeutic target for the treatment of cerebral ischemic injury.

Materials and methods
=====================

### Reagents

SAL, Sirtinol and 3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reagent were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). Hoechst 33342 solution, the BCA protein assay kit, radioimmunoprecipitation (RIPA) lysis buffer and BeyoECL Plus were purchased from Beyotime Institute of Biotechnology (Shanghai, China). The caspase-3 enzyme-linked immunosorbent assay (ELISA) kit was purchased from the Nanjing Jiancheng Bioengineering Research Institute (cat no. H076; Nanjing, China). The Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining kit was obtained from Sigma-Aldrich; Merck KGaA. Antibodies against SIRT1 (cat no. 9475), phosphorylated (p)-FOXO3α (cat no. 9466), B-cell lymphoma 2 (Bcl-2; cat no. 3498) and Bcl-2 associated X protein (Bax; cat no. 2772) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). GAPDH (cat no. 10494-1-AP) and secondary antibodies were obtained from ProteinTech Group, Inc. (Chicago, IL, USA).

### Cell culture

Human brain vascular smooth muscle cells (HBVSMC) were purchased from the American Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C in a humidified atmosphere consisting of 5% CO~2~. The medium was replenished three times a week.

### H/R model and drug treatment

To establish an *in vitro* model of I/R injury, HBVSMCs were incubated at 37°C for 4, 6 or 8 h in a hypoxic (H) chamber (94% N2, 5% CO2 and 1% O2; Biospherixhypoxia chamber) to induce oxygen-deficiency and then reoxygenated (R) by culture at 37°C in a standard incubator (5% CO2 and 20% O2) for 16 h. HBVSMCs were divided into four groups: Normal group (HBVSMCs were cultured in normal medium and standard incubator); H (4 h)/R (16 h) group; H (6 h)/R (16 h) group; H (8 h)/R (16 h) group. To determine the protective effects of SAL on H/R injury, cells were pretreated with SAL (100, 200 or 400 µM) for 30 min and then underwent hypoxia for 8 h and reoxygenation for 16 h. HBVSMCs were divided into four groups: Normal group; H (8 h)/R (16 h) group; SAL+H (8 h)/R (16 h) group; SAL (400 µM) group. To identify the role of the SIRT1/FOXO3α pathway in the SAL-induced beneficial effects against H/R injury, cells were pretreated with sirtinol (10 µM) for 30 min. Cell were then incubated with SAL (400 µM) for 30 min prior to exposure to hypoxia for 8 h followed by reoxygenation for 16 h. HBVSMCs were divided into four groups: Normal group; H (8 h)/R (16 h) group; SAL+H (8 h)/R (16 h) group; Sirtinol (10 µM) + SAL+H (8 h)/R (16 h) group. All treatments were performed in triplicate.

### Cell viability assay

The viability of HBVSMCs underlying different processing conditions as described was examined using an MTT assay following the manufacturer\'s protocol. Briefly, cells were seeded into 96-well plates at a density of 1×104 cells/well overnight at 37°C. MTT reagent (10 µl) was added to each well and cells were incubated for a further 4 h at 37°C. Formazan was subsequently dissolved in dimethyl sulfoxide. A microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was then used to measure absorbance at 490 nm. Cell viability (%) was calculated for all groups, as a proportion of the control. Each experiment was independently performed in triplicate.

### Measurement of caspase-3 activity

The activity of caspase-3 in HBVSMCs was evaluated using a commercial caspase-3 ELISA kit following the manufacturer\'s protocol. Briefly, cells were trypsinized in RIPA lysis buffer and centrifuged at 12,000 × g at 4°C for 10 min. The protein concentration of each group was determined using a BCA protein assay kit and equal amounts of protein were incubated with 5 µl Ac-DEVD-pNA (acetyl-Asp-Glu-Val-Asp p-nitroanilide, 0.2 mM) at 4°C for 4 h in the dark. Absorbance was measured at a wavelength of 405 nm using a microplate reader and caspase-3 activity was calculated as follows: Optical density (OD) (experimental group)/OD (control group). Each experiment was independently performed in triplicate.

### Hoechst 33342 staining

HBVSMCs were seeded in 24-well culture plates at a density of 1×105 cells/well. After cells reached \~70% confluence, cells were treated as previously described, washed with cold phosphate-buffered saline (PBS) three times and fixed with 4% paraformaldehyde at 4°C for 10 min in the dark. Cells were then washed with PBS and incubated with Hoechst 33342 (1 µg/ml) for 10 min at room temperature in the dark. Following three washes with PBS, cells were observed using a fluorescence microscope (Olympus Corporation, Tokyo, Japan). To calculate the average rate of apoptosis, 5 different, random sections of each group were assessed. The apoptosis rate (%) was calculated for all groups and compared with the control group. Each experiment was performed in triplicate.

### Annexin V-FITC/PI staining

The apoptosis rate of the HBVSMCs was determined using an Annexin V-FITC/PI staining kit, following the manufacturer\'s instructions. In brief, HBVSMCs were digested with 0.25% trypsin and washed with PBS. Subsequently, cells were harvested and resuspended in the binding buffer contained in the staining kit (106 cells/ml), prior to mixing with Annexin V-FITC (5 µl) and PI (10 µl). Following incubation for 15 min in the dark at room temperature, the apoptosis ratio was determined using flow cytometry. The experiments were repeated three times independently.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

HBVSMCs in the logarithmic phase were seeded onto 6-well plates at a density of 1×104 cells/well. Total RNA was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. The quantity and purity of RNA was detected using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Inc.). First strand cDNA was reverse-transcribed from equal amount of RNA using the Prime Script RT reagent kit (Takara Bio Inc., Otsu, Japan). For RT-qPCR, the primer sequences of SIRT1 were as follows: Forward, 5′-TCATTCCTGTGAAAGTGATGACGA-3′ and reverse, 5′-CTGCCCTAGTGTCATATCATCCAA-3′. The primer sequences of the GAPDH internal control were as follows: Forward, 5′-GGCACAGTCAAGGCTGAGAATG-3′ and reverse, 5′-ATGGTGGTGAAGACGCCAGTA-3′. The PCR process was performed as follows: 50°C for 2 min, 95°C for 2 min, followed by 40 cycles at 95°C for 15 sec and 60°C for 2 min. mRNA expression was calculated and normalized using the 2-∆∆Cq method ([@b24-etm-0-0-5446]) and expressed as a fold of the control. The assay was performed in triplicate for each sample.

### Western blot analysis

H/R-injured HBVSMC in the presence and absence of SAL or sirtinol were harvested and lysed in RIPA buffer containing protease inhibitors for 30 min at 4°C. Total proteins were collected following centrifugation at 12,000 × g for 10 min at 4°C and quantified using the BCA Protein assay kit. Equal amounts of proteins (30 µg) were separated by 12% SDS-PAGE and transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Non-specific protein binding was blocked with 5% non-fat milk for 2 h at room temperature. Subsequently, the membranes were incubated with primary antibodies against SIRT1 (1:1,000), Bax (1:1,000), Bcl-2 (1:1,000), FOXO3α (1:1,000) and GAPDH (1:2,000) overnight at 4°C. Following three washes with Tris-buffered saline containing 0.05% Tween-20, the membrane was incubated with horseradish peroxidase-conjugated secondary antibody (1:5,000; cat no. LS-C146625; LifeSpan BioSciences, Seattle, WA, USA) for 2 h at room temperature. Protein bands were analyzed using the BeyoECL Plus kit, an enhanced chemiluminescence detection system. The detected protein was quantified using Image J2 software (National Institutes of Health, Bethesda, MD, USA) and expressed as a percentage compared with GAPDH expression. Each experiment was independently performed in triplicate.

### Statistical analysis

Data are expressed as mean ± standard error of the mean of three independent experiments. The statistical differences among different groups were assessed using one-way analysis of variance followed by a least significant difference test. P\<0.05 was considered to represent a statistically significant difference.

Results
=======

### H/R treatment reduces levels of SIRT1 protein in HBVSMCs

It has been demonstrated that SIRT1 modulates pathways involved in oxidative stress, apoptosis and inflammation to protect against ischemia/hypoxia ([@b13-etm-0-0-5446]). Therefore, the current study assessed the impact of H/R on the expression of SIRT1 in HBVSMCs. The present study demonstrated that the expression of SIRT1 in HBVSMCs exposed to hypoxia for 6 and 8 h followed by reoxygenation for 16 h was significantly reduced compared with the control group (P\<0.05; [Fig. 1A](#f1-etm-0-0-5446){ref-type="fig"}), while a shortage of oxygen (4 h) followed by reoxygenation for 16 h did not significantly affect SIRT1 expression. In addition, levels of SIRT1 mRNA were measured using RT-qPCR and it was demonstrated that H/R treatment did not significantly affect SIRT1 mRNA levels in HBVSMCs ([Fig. 1B](#f1-etm-0-0-5446){ref-type="fig"}). These results indicate that the upregulation of SIRT1 protein expression may affect cerebral H/R injury. Notably, 8 h hypoxia induced the largest decline in the expression of SIRT1 protein (P\<0.01), therefore the duration of hypoxia HBVSMCs were subjected to in subsequent experiments was 8 h.

### SAL attenuates H/R-induced cytotoxicity and apoptosis in HBVSMCs

To investigate the protective effects of SAL on cerebral H/R injury, the viability of cells and apoptosis under hypoxia (8 h)/reoxygenation (16 h) treatment in the presence or absence of SAL was measured in HBVSMCs. Compared with the control group, the viability of HBVSMCs in the H/R group was significantly reduced (P\<0.01). However, the downregulation of cell viability induced by H/R was significantly reversed following pretreatment with 200 or 400 µM SAL in HBVSMCs (P\<0.01; [Fig. 2A](#f2-etm-0-0-5446){ref-type="fig"}). In addition, pretreatment of HBVSMCs with SAL significantly reduced the H/R-induced increase in caspase-3 activity, a key regulatory factor in the process of apoptosis, in a concentration-dependent manner (P\<0.05; [Fig. 2B](#f2-etm-0-0-5446){ref-type="fig"}). Furthermore, following H/R treatment, HBVSMCs exhibit the phenomenon of chromatin condensation and fragmentation. Chromatin was stained brightly following H/R, however this was reversed following SAL treatment ([Fig. 2C](#f2-etm-0-0-5446){ref-type="fig"}). Pretreatment with SAL also significantly reversed the upregulation of the apoptosis rate induced by H/R in a dose-dependent manner (P\<0.05; [Fig. 2D](#f2-etm-0-0-5446){ref-type="fig"}). Notably, the viability, caspase-3 activity and apoptosis rate of HBVSMCs treated with 400 µM SAL that did not undergo H/R were not significantly affected, suggesting that SAL alone has no effect on apoptosis. These results indicate that SAL treatment alleviates H/R-induced injuries following cerebral H/R injury.

### SAL prevents the H/R-induced disturbance of SIRT1 signaling pathway in HBVSMCs

To investigate whether SAL protects HBVSMCs against H/R injury by modulating the SIRT1 signaling pathway, the present study measured the effect of SAL on the expression of SIRT1 protein in the presence or absence of H/R treatment. Pretreatment with SAL (400 µM) during H/R significantly increased the expression of SIRT1 protein in HBVSMCs compared with the H/R group (P\<0.01; [Fig. 3A](#f3-etm-0-0-5446){ref-type="fig"}), whereas SAL had no effect on the expression of SIRT1 in HBVSMCs that did not undergo H/R, indicating that the upregulation of SIRT1 may be involved in the protective role of SAL in H/R injury. In addition, the present study demonstrated that the downregulation of p-FOXO3α induced by H/R treatment (P\<0.05) was reversed by pretreatment with SAL (400 µM) in HBVSMCs (P\<0.05; [Fig. 3B](#f3-etm-0-0-5446){ref-type="fig"}). SAL treatment alone had no influence on the expression of p-FOXO3α. These results suggest that the promotion of the SIRT/FOXO3α pathway may contribute to the inhibition of SAL on H/R injury.

### Blocking the SIRT1/FOXO3α pathway attenuates the protective effect of SAL against H/R-induced cytotoxicity and apoptosis in HBVSMC

To confirm the contribution of the SIRT1/FOXO3α pathway to the SAL-induced reversal of H/R injury, sirtinol, a SIRT1-specific inhibitor, was used in subsequent experiments. The results demonstrated that pretreatment with sirtinol (10 µM) for 30 min significantly reduced the viability of HBVSMCs compared with that of the SAL and H/R co-treatment group (P\<0.05), whereas sirtinol itself did not affect the viability of HBVSMCs ([Fig. 4A](#f4-etm-0-0-5446){ref-type="fig"}). This indicates that SAL acted via the SIRT1/FOXO3α pathway to reverse the decrease in cell viability induced by H/R treatment. The impact of sirtinol on apoptosis was also investigated and it was demonstrated that sirtinol reversed the inhibitory effects of SAL (400 µM) on caspase-3 activity (P\<0.01; [Fig. 4B](#f4-etm-0-0-5446){ref-type="fig"}). This increased activity was also evident from the morphological changes induced by H/R treatment that occurred in apoptotic cells, characterized by nuclear condensation, fragmentation and bright blue fluorescence ([Fig. 4C](#f4-etm-0-0-5446){ref-type="fig"}). The apoptosis rate was significantly increased following pretreatment with sirtinol compared with the H/R and SAL group (P\<0.05; [Fig. 4D](#f4-etm-0-0-5446){ref-type="fig"}). In addition, Annexin V-FITC/PI staining determined that sirtinol significantly inhibited the reversal effect of SAL (400 µM) on the H/R induced upregulation of the apoptosis ratio in HBVSMCs (P\<0.05; [Fig. 4E and F](#f4-etm-0-0-5446){ref-type="fig"}). These results indicate that the SIRT1/FOXO3α pathway mediated the SAL-induced protection against H/R-induced injury.

### Inhibition of the SIRT1/FOXO3α pathway prevents the reversal effects of SAL on the H/R-induced alternations of Bax and Bcl-2 protein levels in HBVSMCs

Finally, it was investigated whether the SIRT1/FOXO3α pathway was involved in the protective effect of SAL against the H/R-induced change in the expression of apoptosis-related proteins in HBVSMCs. Compared with the control group, H/R significantly increased the expression of the pro-apoptotic protein Bax (P\<0.01) and this increase was reversed by pretreatment with SAL (400 µM; P\<0.01; [Fig. 5A](#f5-etm-0-0-5446){ref-type="fig"}). Notably, pretreatment with sirtinol (10 µM) significantly attenuated the SAL-induced downregulation of Bax expression in HBVSMCs compared with SAL and the H/R co-incubation group (P\<0.01; [Fig. 5A](#f5-etm-0-0-5446){ref-type="fig"}). Additionally, the significant decrease in the expression of the anti-apoptotic protein Bcl-2 induced by H/R was also significantly attenuated by SAL pre-treatment (400 µM; P\<0.01; [Fig. 5B](#f5-etm-0-0-5446){ref-type="fig"}). However, sirtinol reversed the SAL-induced increase in Bcl-2 expression (P\<0.01; [Fig. 5B](#f5-etm-0-0-5446){ref-type="fig"}). These results demonstrate that the SIRT1/FOXO3α pathway mediated the inhibitory role of SAL in H/R injury and may be involved in promoting the expression of proteins in the Bcl-2 family.

Discussion
==========

A number of studies have demonstrated that SAL exhibits neuroprotective effects following cerebral ischemic injury ([@b6-etm-0-0-5446],[@b25-etm-0-0-5446],[@b26-etm-0-0-5446]). SIRT1 regulates a variety of signaling pathways and is therefore considered to be a key mediator of cerebral ischemia ([@b13-etm-0-0-5446],[@b27-etm-0-0-5446]). However, to the best of our knowledge, the role of the SIRT1 signaling pathway in the protection of SAL against H/R injury remains unknown. In the current study, HBVSMCs were used to establish an *in vitro* model of H/R injury to investigate the protective effects of SAL on H/R injury and the underlying protective mechanism of SAL during H/R. The current study indicated that the SIRT1/FOXO3 pathway is a mediator of SAL and exhibits beneficial roles in H/R-treated HBVSMCs. This suggests that SAL may be used clinically to treat patients with I/R injury and that the SIRT1/FOXO3 pathway may be a potential therapeutic target for treatments of cerebral ischemia.

Cerebral I/R-induced cytotoxicity and apoptosis serve a pivotal role in brain injury caused by I/R, in which apoptosis greatly contributes to the cell death that occurs following cerebral I/R injury ([@b28-etm-0-0-5446]). Caspase-3 has been identified as a pivotal mediator of apoptosis and previous studies have determined that the activity and expression of caspase-3 are upregulated in *in vivo* and *in vitro* models of ischemic stroke ([@b29-etm-0-0-5446]--[@b31-etm-0-0-5446]). Consistent with the above studies, the present study demonstrated that H/R-treated HBVSMCs, an appropriate and reproducible *in vitro* cell model of cerebral I/R injury, exhibited improved mimicking of the pathological conditions of I/R injury, including a decrease in cell viability and increases in caspase-3 activity and the cellular apoptosis rate. It has previously been demonstrated that SAL markedly inhibits cellular apoptosis and therefore has a neuroprotective effect ([@b32-etm-0-0-5446]) and the neuroprotective properties of SAL have been demonstrated in mice subjected to I/R injury, as well as in cultured nerve cells ([@b25-etm-0-0-5446],[@b26-etm-0-0-5446]). Therefore, the present study investigated the effect of SAL on H/R injury in HBVSMCs and identified that pretreatment with SAL, which had no significant influence on cell viability and apoptosis under normal conditions, reversed H/R-induced cytotoxicity and apoptosis and increased caspase-3 activity in HBVSMCs, confirming the results of a previous study by Lai *et al* ([@b33-etm-0-0-5446]). The results of the present study clearly indicate that SAL pretreatment exhibits neuroprotective effects against H/R injury, which prompted further investigation of the underlying mechanisms.

Over the last decade, a number of studies have identified that SIRT1 serves a neuroprotective role in cerebral ischemia ([@b15-etm-0-0-5446],[@b34-etm-0-0-5446],[@b35-etm-0-0-5446]). Accumulating evidence indicates that SIRT1 is involved in a number of important physiological processes, including apoptosis, oxidative stress and the cell cycle, and therefore serves an important biological function in transcriptional regulation and signal transduction ([@b13-etm-0-0-5446],[@b36-etm-0-0-5446]). Furthermore, intervention of the SIRT1 signaling pathway improves a variety of age-related diseases including coronary heart disease, type II diabetes and cerebral ischemia/reperfusion ([@b37-etm-0-0-5446]--[@b39-etm-0-0-5446]). Therefore, it was hypothesized that the protective functions of SAL are due to the regulation of the SIRT1 pathway that occurs following H/R injury.

In present study, it was demonstrated that H/R treatment significantly reduces the expression of SIRT1 protein in HBVSMCs, although the level of SIRT1 mRNA was unaffected by H/R. Therefore, inducing the upregulation of SIRT1 protein may contribute to H/R injury and this is consistent with the results of a previous study by Lv *et al* ([@b40-etm-0-0-5446]). The current study also assessed the effects of pretreating HBVSMCs with SAL and demonstrated that SAL markedly reversed the downregulation of SIRT1 protein expression, suggesting that the upregulation of SIRT1 may be involved in the protective effect of SAL against H/R injury. FOXO3α, which is highly expressed in the brain and heart, is involved in the regulation of apoptosis, cell survival, the cell cycle and oxidative stress ([@b41-etm-0-0-5446]). Transcriptional activity is regulated by SIRT1, which induces the phosphorylation of FOXO3α, regulates the activity of FOXO3α and inhibits apoptosis ([@b42-etm-0-0-5446],[@b43-etm-0-0-5446]). Fukunaga and Shioda ([@b44-etm-0-0-5446]) confirmed that the expression of FOXO3α protein was inhibited in chronic cerebral ischemia. The current study demonstrated that H/R treatment decreased the expression of FOXO3α protein, while this inhibitory action was eradicated by SAL pretreatment in HBVSMCs. These results indicate that the SIRT1/FOXO3α pathway may mediate the neuroprotective effect induced by SAL. Notably, H/R downregulated the levels of p-FOXO3α more than the levels of SIRT1, which may be due to the presence of other regulatory signals contributing to the changes in FOXO3α levels following H/R treatment, such as SIRT6 ([@b45-etm-0-0-5446]) and the phosphatidylinositol 3-kinase/Akt signaling pathway ([@b46-etm-0-0-5446]), leading to a smaller decrease in levels of p-FOXO3α compared with SIRT1. In addition, the current study indicated that the inhibition of SIRT1 by sirtinol eradicated the reversal effect of SAL against the H/R-induced downregulation of cell viability and upregulation of apoptosis in HBVSMCs. This is similar to the results of a previous study, which demonstrated that sirtinol blocks the resveratrol-induced neuroprotection following cerebral ischemic damage ([@b47-etm-0-0-5446]). Notably, sirtinol did not affect cell viability and apoptosis in HBVSMCs that did not undergo H/R treatment, which is consistent with the results of previous studies ([@b48-etm-0-0-5446],[@b49-etm-0-0-5446]). These results indicate that the activation of the SIRT1/FOXO3α pathway contributes to the neuroprotection induced by SAL in cells that have undergone H/R injury.

Bcl-2 family proteins are a critical checkpoint in apoptotic signal transduction cascades, which irreversibly damages cellular constituents ([@b50-etm-0-0-5446]). The ratio of Bcl-2/Bax protein is a determining factor in the modulation of apoptotic cell death, which is associated with the mitochondrial apoptotic pathway ([@b51-etm-0-0-5446]). Additionally, cerebral ischemia injury may activate the mitochondrial apoptotic pathway, as demonstrated by changes in caspase-like enzyme activation, cytochrome c release and the expression of Bcl-2 family proteins ([@b52-etm-0-0-5446]). In the present study, inhibition of the SIRT1/FOXO3α pathway prevented the reversal effect of SAL on the H/R-induced alternation of Bax and Bcl-2 in HBVSMCs, indicating that the SAL-activated SIRT1/FOXO3α pathway may improve mitochondrial function, thus protecting against I/R injury.

In conclusion, the current study demonstrated that pretreatment of HBVSMCs with SAL protects against H/R-induced cytotoxicity and apoptosis and that this neuroprotection depends on the activation of the SIRT1/FOXO3α pathway. These results may aid the development of novel strategies against cerebral ischemia and provide a foundation for a novel pharmacological approach to treat neuroprotective effects in patients with cerebral I/R injury or associated diseases by increasing activation of the SIRT1/FOXO3α pathway.

This study was supported by a grant from the First Affiliated Hospital of Zhengzhou University.

![Effects of H/R treatment on the levels of SIRT1 protein and mRNA in HBVSMCs. HBVSMCs were exposed to hypoxia for 4, 6 and 8 h and then underwent reoxygenation for 16 h. (A) The expression of SIRT1 was assessed using western blot analysis and presented as a percentage of the control group. (B) SIRT1 mRNA levels were measured using reverse transcription-quantitative polymerase chain reaction. GAPDH was used as positive control. Data are presented as mean ± standard error of the mean from three independent experiments performed in triplicate. \*P\<0.05, \*\*P\<0.01 vs. control group. H/R, hypoxia/reoxygenation; SIRT1, sirtuin 1; HBVSMCs, human brain vascular smooth muscle cells; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](etm-15-01-0822-g00){#f1-etm-0-0-5446}

![Protective effects of SAL on H/R-induced cytotoxicity and apoptosis in HBVSMC. Cells were pretreated with different concentrations of SAL (100, 200 or 400 µM) for 30 min and then exposed to hypoxia for 8 h followed by reoxygenation for 16 h. (A) The viability of HBVSMCs was detected by MTT assay and expressed as a proportion of the control. (B) Caspase-3 activity was measured using a commercialized caspase-3 assay kit and expressed as fold change of control. (C) The morphological changes of the apoptotic cells were observed using Hoechst 33324 staining (magnification, ×200) and assessed by (D) statistical analysis of the ratio of apoptotic cells to total cells. Data are presented as mean ± standard error of the mean from three independent experiments performed in triplicate. \*P\<0.05, \*\*P\<0.01 vs. control group; \#P\<0.05, \#\#P\<0.01 vs. H/R treatment group. SAL, salidroside; H/R, hypoxia/reoxygenation; HBVSMCs, human brain vascular smooth muscle cells.](etm-15-01-0822-g01){#f2-etm-0-0-5446}

![Effects of SAL on the H/R-induced decrease of SIRT1 and FOXO3α protein expression in HBVSMCs. Cells were pretreated with SAL (400 µM) for 30 min and then exposed to hypoxia for 8 h followed by reoxygenation for 16 h. The expression of (A) SIRT1 protein and (B) p-FOXO3α protein were detected using western blot analysis. GAPDH was used as positive control. Data are presented as mean ± standard error of the mean from three independent experiments performed in triplicate. \*P\<0.05, \*\*P\<0.01 vs. control group; \#P\<0.05, \#\#P\<0.01 vs. H/R treatment group. SAL, salidroside; H/R, hypoxia/reoxygenation; SIRT1, sirtuin 1; p-FOXO3α, phosphorylated forkhead box protein O3α; HBVSMCs, human brain vascular smooth muscle cells; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](etm-15-01-0822-g02){#f3-etm-0-0-5446}

![Effects of sirtinol on the SAL-induced protection against H/R-induced cytotoxicity and apoptosis in HBVSMCs. Following pretreatment with sirtinol (10 µM) for 30 min, HBVSMCs were incubated with SAL (400 µM) for 30 min and then exposed to hypoxia for 8 h followed by reoxygenation for 16 h. (A) The viability of HBVSMCs was detected by MTT assay and expressed as a percentage of the control. (B) Caspase-3 activity was measured using a commercialized caspase-3 assay kit and expressed as a fold change compared with the control. The morphological changes in the apoptotic cells were observed by (C) Hoechst 33324 staining (magnification, ×200) and assessed by (D) statistical analysis of the ratio of apoptotic cells to total cells. (E) The apoptosis ratio of HBVSMC was detected by Annexin V-FITC/PI staining and assessed by (F) statistical analysis. Data are presented as the mean ± standard error of the mean from three independent experiments performed in triplicate. \*\*P\<0.01 vs. control group; \#\#P\<0.01 vs. H/R group, &P\<0.05, &&P\<0.01 vs. SAL and H/R co-treatment group. SAL, salidroside; H/R, hypoxia/reoxygenation; HBVSMCs, human brain vascular smooth muscle cells; FITC, fluorescein isothiocyanate; PI, propidium iodide.](etm-15-01-0822-g03){#f4-etm-0-0-5446}

![Effects of sirtinol on the SAL-induced inhibitory role in H/R induced changes in Bax and Bcl-2 expression in HBVSMCs. Following pretreatment with sirtinol (10 µM) for 30 min, cells were incubated with SAL (400 µM) for 30 min and then exposed to hypoxia for 8 h followed by reoxygenation for 16 h. The expression of (A) Bax and (B) Bcl-2 was measured using western blot analysis. GAPDH was used as positive control. Data are presented as mean ± standard error of the mean from three independent experiments performed in triplicate. \*\*P\<0.01 vs. control group, \#\#P\<0.01 vs. H/R treatment group, &&P\<0.01 vs. SAL and H/R co-treatment group. SAL, salidroside; H/R, hypoxia/reoxygenation Bcl-2, B-cell lymphoma 2; Bax, Bcl-2 associated X protein; HBVSMCs, human brain vascular smooth muscle cells; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](etm-15-01-0822-g04){#f5-etm-0-0-5446}
